We perform on-surface synthesis of single-ion molecular magnets on an Ag(111) surface and characterize their morphology, chemistry, and magnetism. The first molecule we synthesize is TbPc 2 to enable comparison with chemically synthesized and subsequently surface adsorbed species. We demonstrate the formation of TbPc 2 with a yield close to 100% and show that on-surface synthesis leads to identical magnetic and morphological properties compared to the previously studied chemically synthesized species. Moreover, exposure of the surface adsorbed TbPc 2 molecules to air does not modify their magnetic and morphological properties. To demonstrate the versatility of our approach, we synthesize novel Tb double deckers using tert-butylsubstituted phthalocyanine (tbu-2H-Pc). The Tb(tbu-Pc) 2 molecules exhibit magnetic hysteresis and therefore are the first purely on-surface synthesized single ion magnet.
Introduction
Single molecule magnets (SMMs), and in particular single-ion magnets (SIMs), i.e. molecular complexes hosting a single magnetic atom, are promising building blocks for molecular spintronics applications. Lanthanide-based SIMs have been considered as prototypes for bits in high-density magnetic data storage devices and in quantum information processing. 1-10 Exploiting the SIMs in devices requires contacting them with an electrode, while preserving the stable spin orientation and long spin coherence time. Typically, SMMs are synthesized in solution by chemical means (hereaer referred to as ex vacuo synthesized); however, transferring them onto a surface in a clean and controlled environment is oen problematic. For this purpose, the most appropriate route is thermal sublimation onto the substrate of interest. [11] [12] [13] [14] More elaborate methods are required for SMMs whose fragility prevents their thermal sublimation, for example electrospray deposition. 15, 16 An alternative approach is the in situ synthesis of SIMs by onsurface metalation. This method consists of depositing the desired magnetic atoms onto a few layers of the free-base molecular ligands directly adsorbed on the chosen substrate. On-surface metalation of various free-base tetrapyrrole molecules has been intensively studied in recent years, and the procedures are well known for transition metal atoms. [17] [18] [19] Depending on the element and the preparation conditions, the reaction occurs at room temperature (RT), 20 or requires annealing. 21 For the few known examples of lanthanide metalation, the requirements are less evident. For tetraphenylporphyrins (TPPs) (Er-TPP 22 and Ce-TPP, 23, 24 ) metalation at room temperature is controversial, while for the preparation of cerium tetraphenylporphyrin double deckers (Ce(TPP) 2 ), annealing to 500 K was used. 25 For these systems the occurrence of the metalation process was demonstrated, but the magnetic properties of the resulting molecules were not investigated.
Here we introduce the on-surface synthesis of a Tb double decker SIM, i.e., bis(phthalocyaninato)terbium(III) (TbPc 2 ). 1,2 Room temperature (RT) deposition of Tb atoms on pristine phthalocyanines (2H-Pc) adsorbed on Ag(111) gives a yield of close to 100% TbPc 2 . Combining X-ray photoelectron spectroscopy (XPS), X-ray absorption spectroscopy (XAS), X-ray magnetic circular dichroism (XMCD), and scanning tunneling microscopy (STM), we demonstrate that the on-surface synthesized TbPc 2 possesses identical magnetic, chemical, and morphological properties to those observed for ex vacuo synthesized TbPc 2 . 8 Moreover, we demonstrate that the on-surface prepared TbPc 2 molecules are robust when exposed to ambient conditions. Finally they form large-scale ordered arrays when annealed to 570 K.
To demonstrate the versatility of this method, we create a novel double-decker SIM, namely Tb-(tbu-Pc) 2 on Ag(111), starting from tbu-2H-Pc, a Pc derivative with four bulky groups attached to the main Pc structure. We show that also this novel double-decker complex exhibits magnetic hysteresis, reminiscent of long spin relaxation times. This makes Tb-(tbu-Pc) 2 one of the very few SIMs discovered so far that exhibits a long spin lifetime while being directly adsorbed on a metal substrate.
Results and discussion
We deposit Tb atoms on pristine 2H-Pc molecules adsorbed on Ag(111) at RT. The most stringent test of whether we have succeeded in synthesising the TbPc 2 target molecule with high yield is to thoroughly characterize the magnetic properties. For this, we use low-temperature (3 K) X-ray absorption spectroscopy (XAS) and magnetic circular and linear dichroism (XMCD and XLD, see scheme in Fig. 1a ), at the Tb M 4,5 edge (Fig. 1b) , and compare the results with the corresponding measurements on ex vacuo synthesized TbPc 2 deposited on Ag(100) ( Fig. 1c ). 8 For comparison among samples with different Tb coverages, all spectra are normalized with respect to the total XAS peak area (see Methods). The substantial XMCD signal indicates the presence of a large magnetic moment at 6.8 T and 3 K. Moreover, the XMCD in normal incidence is larger than that measured in grazing incidence. This angular anisotropy, as well as the XLD signal measured at 0.05 T, evidence the at-lying geometry of the molecules with an out-of-plane easy magnetization axis, as also reported for the case of ex vacuo synthesized TbPc 2 . 8 The XMCD and XLD measurements observed for the onsurface synthesized TbPc 2 are very similar in shape and intensity to the ones obtained for the ex vacuo synthesized TbPc 2 , implying that all Tb atoms are incorporated into free-bases during the metalation reaction. Any Tb le over would form clusters on Ag(111) that have an in-plane easy axis, which would result in a overall reduced XMCD intensity, and very different multiplet features in both XAS and XMCD, see Fig. S1 (ESI †). This enables us to clearly distinguish Tb clusters from metalated molecules. Note that our XMCD and XLD spectra are very similar to the ones reported for ex vacuo TbPc 2 on Cu(100), 4 on Ag(100), MgO, h-BN/Ru(0001), 8 and on graphene/SiC(0001). 26 This shows that for these different substrates the Tb magnetic ground state is the same, and that the molecules are at-lying. Given the strongly different electronic characters of these substrates, going from metallic to insulating, we can infer that the TbPc 2 hybridization with all these substrates is weak, leaving the molecules intact and essentially undistorted. This small inuence of the substrate also justies the fact that we compare the on-surface synthesized molecules on Ag(111) with the ex vacuo synthesized ones on Ag(100).
Ex vacuo synthesized TbPc 2 exhibits slow magnetic relaxation leading to magnetic hysteresis. 8 We perform the same measurements to verify the quality of the TbPc 2 prepared by onsurface metalation. Magnetization curves are obtained by recording the maximum of the XMCD signal at the Tb M 5 edge as a function of the external magnetic eld ( Fig. 1b lower panel) . Notably our on-surface synthesized molecules exhibit the same magnetic hysteresis as reported for the ex vacuo synthesized TbPc 2 /Ag(100) ( Fig. 1c lower panel) . Further evidence for the success of the metalation reaction comes from XPS and STM measurements. Fig. 2a (upper panel) shows the N 1s XPS region measured on 1.9 ML 2H-Pc/Ag(111) (see Methods for the ML denition). It exhibits two well separated peaks corresponding to the two differently bound Nspecies: -N] (hereaer named as N for simplicity) and -NH-(that we call NH). 17, 18 Peak N combines contributions from iminic (central) and aza (outer) nitrogen since their core level shis are very similar while the one of NH is clearly different. Using Gaussian ts and constraining a 1 : 3 ratio as expected from stoichiometry for the NH to N peak intensity, [27] [28] [29] we nd the energy position of the NH and N peaks at 400.2 eV and 398.6 eV, respectively (see Methods for details).
Deposition of Tb at RT leads to a reduction of the NH peak intensity and to a concomitant broadening of the main peak, see Fig. S2 (ESI †). The XPS spectrum aer 0.5 ML of Tb is shown in Fig. 2a , lower panel. To t these data, we have to introduce N-Tb as the third N-related component. Positions of NH and N peaks were kept xed at the values found for the free-base 2H-Pc. The contribution from peak N was xed to the total contribution from the N-Tb peak plus three times that of NH, as imposed by stoichiometry. With this constraint, we identify the N-Tb component at 398.1 eV. Its binding energy is lower than that of iminic nitrogen and it is well below the energy range for transition metal coordinated tetrapyrrole nitrogen species (e.g. 398.5-398.9 eV for Co-, Ni-, Cu-, and Zn-TFcP 30 and 398.7 eV for FePc 28 ). This can be rationalized considering the signicantly higher reactivity of lanthanides.
To gain further insights about the reaction products we perform STM measurements. At RT the free-base molecules assemble into well-ordered islands. As seen in Fig. 2b , at 1.5 ML 2H-Pc, the surface is completely covered with the rst layer of free-base and extended, compact islands form in the second layer. Aer depositing 0.4 ML of Tb ( Fig. 2c ), two species with different apparent height h are observed, as shown in Fig. 2e . The predominant (gray) features have the same apparent height with respect to the free-base layer as the second-layer 2H-Pc (h z 240 pm). They exhibit the pattern typical for TbPc 2 consisting of eight lobes with equivalent apparent heights, at variance with the non-homogeneous contrast observed on free-base molecules in the second layer. Therefore we identify them as onsurface synthesized TbPc 2 embedded in the free-base layer (see Fig. 2f ). 11, 31, 32 The brighter features, imaged with an apparent height of 330 pm with respect to the underlying TbPc 2 molecules, are attributed to second layer TbPc 2 , 11,33,34 although formation of Tb 2 Pc 3 cannot be excluded. 35, 36 Combining the information obtained from XPS and STM with that from XAS, XMCD, and XLD measurements, we conclude that the metalation reaction leads to the formation of TbPc 2 at RT.
From experiments with varying coverages of 2H-Pc and Tb, we infer the following strategy to ensure that all Tb atoms are incorporated in the molecules: (a) a ratio of Tb to 2H-Pc smaller than the target stoichiometry of 0.5; (b) an amount of 2H-Pc between 2 and 4 ML. This strategy leaves an excess of unreacted molecules on the surface as shown in Fig. 2 . These molecules have no effect on the observed magnetic properties since the lateral magnetic interactions among TbPc 2 molecules are negligible. 8 Therefore slightly diluting TbPc 2 with unreacted molecules does not inuence the observed magnetic properties. Tb in excess results in the concomitant formation of TbPc 2 and Tb clusters visible as bright spots in the STM images shown in Fig. S3 (ESI †) . The presence of clusters is also revealed by the strong reduction of the XMCD signal acquired at normal incidence, associated with a reduction and inversion of the XLD signal, see Fig. S4 (ESI †) .
The STM image in Fig. 2c shows that for RT preparation the sample morphology is quite rough and a few unreacted second layer free-base molecules coexist with reacted molecules. They are mobile under the inuence of the STM tip as seen in the lower part of the image, where the molecular structure is fuzzy.
Annealing at 500 K for 15 min produces a rearrangement of the molecules leading to an increased spatial order (Fig. 2d ). Note that the second layer TbPc 2 molecules are still present as also demonstrated by the line prole. The typical morphology aer RT deposition is also evident in samples prepared with a larger amount of molecules. For a sample consisting of 2.7 ML of 2H-Pc plus 0.8 ML of Tb, the large-scale image in Fig. 3a shows the species already identied in Fig. 2 , piled into additional layers. Annealing at 570 K for 30 min leads to partial desorption of unreacted free-base molecules, to segregation of the different molecular species and to a dense, ordered packing of the TbPc 2 . Such long-range ordering of TbPc 2 is evident from the middle terrace of Fig. 3b , the le terrace of Fig. 3c , and the corresponding zoom shown in Fig. 3d . In the latter image the TbPc 2 molecules appear with alternating bright/dark contrast. 32, 33, 37, 38 This is even more evident in Fig. 3e showing high resolution images of the same TbPc 2 island acquired with two tip terminations yielding different submolecular appearances. From the orientation of the lobes and of the resulting pattern we deduce that the bright/dark contrast corresponds to a difference of about 10 in the azimuthal orientation of the molecules as highlighted by the crosses superimposed onto the molecule assembly. A tentative model of the molecular arrangement with respect to the Ag(111) surface is shown in Fig. 3f . The unit cell is a 2.02 nm-side square, yielding a molecule-molecule distance of 1.43 nm, fully compatible with already reported ordered assemblies of TbPc 2 molecules on surfaces. 8, 33, 37, 38 Note that from our data we cannot conclude whether the whole molecule 38 or only the upper Pc ligand 37 is rotated. Rare earths are very reactive. However, one of the many advantages of TbPc 2 comes from Tb being sandwiched between two Pc macrocycles which potentially protects it from contamination. In order to verify this in our on-surface synthesized TbPc 2 , we performed XAS, XMCD, and XLD measurements on a sample before and aer exposing it to ambient conditions. As demonstrated in Fig. 4a and b, the spectroscopic ngerprints, i.e., the shape of the XAS prole and the amplitude of the XMCD and XLD proles measured at the Tb M 4,5 edges, remain unmodied. Moreover, corresponding STM measurements reveal identical appearances of the molecules before and aer the exposure to air, proving the chemical robustness of the onsurface synthesized SIMs (Fig. 4c and d) .
The mere reproduction of already known compounds is not the nal goal of on-surface metalation. Ideally, one would aim at the creation of novel molecules that were not produced by ex vacuo synthesis, in particular, species that are potentially difficult to adsorb on surfaces as a whole. To prove the versatility of our approach, we create a novel double decker complex starting from a different phthalocyanine free-base. It is known that the metalation of tetrapyrrole molecules with on-top deposited metal atoms does not depend on the peripheral substituents. 17 Therefore interesting candidates are molecules with the same central macrocycle but with peripheral groups that can possibly increase the distance between magnetic atom and supporting substrate, reducing the hybridization of the metal ion with the substrate and decoupling it from substrate phonons and electrons. We chose tbu-2H-Pc as the free-base since it has four additional bulky tert-butyl (tbu) groups attached to the main phthalocyanine structure (Fig. 5a ). Similar to the case of 2H-Pc, we deposit Tb atoms on tbu-2H-Pc directly adsorbed on Ag(111) at RT. The combined XAS and STM results presented in Fig. 5 and 6 demonstrate the formation of Tb(tbu-Pc) 2 molecules.
The magnetization curves in Fig. 5c evidence that this new compound also exhibits magnetic hysteresis. There are only very few SIMs that exhibit hysteresis being in direct contact with a metal surface. This newly synthesized molecule, Tb(tbu-Pc) 2 , is one of them. The environment of the Tb atom, sandwiched between two macrocycles in both TbPc 2 and Tb(tbu-Pc) 2 , generates the same crystal eld thus suggesting an identical ground state for the Tb atom in the two compounds. However, in comparison with TbPc 2 , the reduced XLD amplitude and XMCD angular anisotropy hint at a distribution of canted easy axes due to adsorption of the Tb(tbu-Pc) 2 molecules with a tilt angle between the macrocycles and the substrate surface. This interpretation is supported by the STM image of Fig. 6a showing randomly dispersed Tb(tbu-Pc) 2 molecules embedded in the tbu-2H-Pc rst layer, characterized by an irregular appearance of the lobes.
Annealing at 570 K for 30 min induces segregation of the different molecular species resulting in an ordered arrangement of the Tb(tbu-Pc) 2 visible on the right-hand terrace in Fig. 6b , and partial desorption of the unreacted molecules (lehand terraces). The upper panel of Fig. 6c shows a terrace partially covered by tbu-Pc molecules, each displaying fourprotrusions. 39 The bottom panel of Fig. 6c shows that the Tb(tbu-Pc) 2 islands have a few second layer Tb(tbu-Pc) 2 appearing as the brightest objects, similar to the morphology observed for the annealed TbPc 2 . The Tb(tbu-Pc) 2 molecules self-assemble into a hexagonal structure as evident from the FFT pattern obtained from a large scale region covered exclusively by Tb(tbu-Pc) 2 (inset in Fig. 6b ). In Fig. 6c -bottom, the yellow dots mark the center of the molecules, revealing that the structure is not fully regular. The presence of different regioisomers of the free-base can explain this imperfect spatial order. 40 The average real space periodicity of 2.0 nm is 40% larger than the one observed for TbPc 2 , as expected from the larger molecule size.
Summary and conclusions
We combined X-ray photoemission and absorption spectroscopy with scanning tunnelling microscopy to show the successful on-surface synthesis of the TbPc 2 SIM at room temperature on Ag(111). These molecules show the same magnetic properties as their ex vacuo synthesized twins and exhibit magnetic hysteresis at 3 K. The metalation reaction is further evidenced by XPS, where exposure of 2H-Pc/Ag(111) to Tb at room temperature leads to a decrease of the NH components and the emergence of a N-Tb component at 398.1 eV. STM shows that the deposition at room temperature leads to a random distribution of double deckers. Annealing to 570 K for 30 min promotes long range diffusion of the on-surface synthesized double deckers, leading to large-scale ordered islands, very similar to those observed for ex vacuo synthesized TbPc 2 /Ag(100). We show the robustness of the magnetic properties of TbPc 2 /Ag(111) towards exposure to air. Moreover, we demonstrate the on-surface synthesis of Tb(tbu-Pc) 2 /Ag(111) which is the rst solely on-surface synthesized single-ion magnet exhibiting magnetic hysteresis when in direct contact with a metal surface. The successful on-surface synthesis of TbPc 2 and Tb(tbu-Pc) 2 thus opens a promising route for creating novel rare-earth based single ion magnets.
Methods

Sample preparation
The Ag(111) single crystal was cleaned by repeated cycles of sputtering with Ar + ions and annealing to 750-770 K. 2H-Pc and tbu-2H-Pc molecules were obtained from Sigma Aldrich with 98% and 85% purity respectively. The molecules were sublimed from a thermally heated quartz crucible (2H-Pc at 570 K and tbu-2H-Pc at 590 K) onto the substrate maintained at room temperature. One ML of 2H-Pc molecules is dened as one complete close-packed layer in direct contact with the substrate. The Tb coverage was determined from the XAS area at the Tb M 4,5 edges, based on another rare-earth metal reference (Er on Pt). 8, 41 Here, one ML of Tb refers to the ideal coverage of one Tb atom per rst-layer 2H-Pc molecule. Therefore, one ML of synthesized TbPc 2 implies two ML of 2H-Pc. We used the XLD area at the N K-edge of a sub-monolayer of ex vacuo synthesized TbPc 2 molecules, where the Tb to N ratio is dened by the molecular structure, to determine the corresponding amount of 2H-Pc molecules. The use of the XLD allows to get rid of the dominant background over the weak XAS N K-edge signal.
Tb M 4,5 -edge XAS/XMCD/XLD The X-ray absorption spectra were measured at the EPFL/PSI X-Treme beamline 42 of the Swiss Light Source and at the beamline ID32 of the European Synchrotron Radiation Facility by recording the sample drain current in total electron yield mode. Measurement settings were the same as those reported in ref. 8 . The amount of deposited 2H-Pc modies the Tb M 4,5 background. Therefore, in order to compare the data obtained from samples with varied 2H-Pc coverage measured during different experimental sessions, we subtracted a polynomial prole and obtained a at background for all energies apart from the M 5 and M 4 peak regions. All spectra are normalized to the total XAS dened as the total absorption s + + s À for circular polarizations and s v + s h for linear polarizations.
XPS
The XPS data were recorded at the ALOISA beamline at Elettra. The molecular coverage was controlled via a quartz microbalance where the deposition parameters were known from other tetrapyrrole experiments performed at this beamline. 43, 44 The N 1s spectra were recorded at a photon energy of 500 eV. The energy scale was calibrated against the Ag 3d 5/2 line at 386.3 eV. Spectra of the Ag 3d region were measured each time directly aer the acquisition of N 1s spectra. 45 Shirley background was subtracted from all raw data. Fitting of the N 1s region was done using Gaussian curves to avoid the introduction of additional free parameters in Voigt curves. Quantitative analysis from such tting is complicated since even for the unreacted 2H-Pc molecules on a perfectly subtracted background, the spectrum should be tted with at least four peaks, (a) the pyrrolic (NH) species (green), (b) the iminic (central N) species (blue), (c) the aza (outer N) species (blue), and (d) the shake-up peak. For metalated molecules additional three peaks should be included: (a) the metal coordinated species (N-Tb) (orange), (b) the aza (outer N) species, and (c) the shake-up peak. In principle, this number should be doubled due to different rst and second layer contributions. As using such a large amount of peaks would overdetermine the available data, and to ensure comparability with the results from the literature, 28, 46 the spectra in Fig. 2a were tted with three or ve peaks. The underlying assumptions are as follows: (i) the 0.1-0.2 eV shi 46 between rst and second layer is neglected and (ii) the shi of 0.35 eV (ref. 47) between iminic and aza nitrogen atoms is neglected for both 2H-Pc as well as for TbPc 2 .
The top panel of Fig. 2a includes three components: the N, NH, and a shake-up peak of the main peak N. This shake-up peak has 2% of the total area and the total contribution from peak N (combined intensity of N and its shake-up) is constrained to be three times that of the NH peak, following stoichiometry. For the metalated case (Fig. 2b) , we have introduced two additional components, namely N-Tb and its shake up. For the metalated molecules, best t was obtained when the combined shake-up area was 4% of the total area. For a given set of data, the FWHM were required to be the same for all species.
From the XPS ts, we obtained the total area under the N, NH, and N-Tb peak. We use this information to extract the Tb coverage. Dening a as the fraction of the free-base 2H-Pc that forms double deckers, we deduce a ¼ DðN À TbÞ 2DðN À HÞ þ DðN À TbÞ , following stoichiometry. Here D denes the area under the corresponding peak. Finally the coverage of the formed double deckers (and therefore that of deposited Tb) is calculated as aS/ 2, where S is the amount of free-base deposited on Ag(111) in ML. For the lower panel in Fig. 2a , a ¼ 0.53.
STM
The STM images were recorded in constant current mode at 5 K using a W tip. 48 STM images of on-surface synthesized TbPc 2 on Ag(111) were acquired for samples with different coverages of 2H-Pc molecules and Tb atoms. Bias voltages indicated in the gure captions correspond to the sample potential. For the STM measurements, we rst calibrated the Tb coverage by depositing Tb directly on Ag(111) and determining the covered area. The proportion of observed metalated molecules follows from this calibration.
Conflicts of interest
There are no conicts to declare.
